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The H/D exchange reactions of enolate ions with CH,OD and C,H,OD at low collision 
energies in the quadrupole collision cell of a hybrid tandem BEqQ mass spectrometer have 
been studied. The optimum parameters for exchange were elucidated using the enolate ion 
of acetone as a test reactant ion. With the exception of the enolate ions of 2,4-pentanedione 
and dimethylmalonate, all the enolate ions studied underwent exchange with CH,OD and 
C,H,OD. Ion signals were observed corresponding to exchange of from one to all of the 
enolic hydrogen atoms. The H/D exchange reaction was more facile with C,H,OD as the 
reagent gas, and the results with this gas clearly permit a count of the number of enolic 
hydrogen atoms present in the molecule. (J Am Sot Mass Spectrom 1992, 3, 853-858) 
T he isotopic exchange of hydrogen for deuterium in organic molecules has been widely used in structural studies in mass spectrometry [l, 21 
and in mechanistic studies in gas-phase ion chemistry 
[3]. Normally the exchange is carried out in solution 
reactions before the sample is introduced into the mass 
spectrometer, although labile hydrogens can be ex- 
changed for deuterium if the sample and a 
deuterium-containing reagent, such as D,O, are mixed 
in the heated inlet of the mass spectrometer. More 
recently it has been clearly shown that H/D exchange 
reactions can occur in the ion source of the mass 
spectrometer under chemical ionization conditions. The 
simplest of these exchange processes is the exchange of 
the labile hydrogens in a molecule with a deuterated 
reagent gas such as D,O, CH,OD, or ND, [4-121. It 
also has been shown that protonated aromatic hydra 
carbons exchange the aromatic hydrogens in reaction 
with D,O, CH,OD or C,H,OD under chemical ioniza- 
tion conditions [13-171. This exchange has been devel- 
oped into a method for identifying alkyl aromatic 
isomers [ 16, 171. 
ln negative ion chemical ionization experiments, 
Hunt and Sethi [15] have shown that a variety of 
deprotonated molecules undergo H/D exchange with 
D,O, CH,OD, or C,H,OD as reagent gases, thus per- 
mitting the number of hydrogens in specific environ- 
ments to be counted. In related studies, DePuy and 
co-workers have shown that the [M - HI- ions from 
simple esters, olefins, acetylenes, allene, and toluene 
Address reprint requests to Alex G. Harrison, Department of Chem- 
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undergo H/D exchange with D,O in a flowing after- 
glow apparatus [18], while the enolate ions of alde- 
hydes and ketones undergo H/D exchange with 
CH,OD in the flowing afterglow [19]. These latter 
studies suggested that it might be possible to observe 
similar H/D isotope exchange reactions at low colli- 
sion energies in the radiofrequency (rf)-only 
quadrupole collsion cell of a triple quadrupole or hy- 
brid sector-quadrupole mass spectrometer. If the 
methodology of H/D exchange reactions in the 
quadrupole cell can be developed to the stage of per- 
mitting a count of the number of hydrogen atoms in 
specific environments, it would provide the advantage 
of separating the ionization process from the exchange 
process, thus allowing a wider range of ionization 
methods, such as electron ionization or fast atom bom- 
bardment, to be employed. Accordingly, we have be- 
gun an investigation of H/D exchange reactions in the 
rf-only collision cell of a hybrid BEqQ tandem mass 
spectrometer [ZO]. The present paper reports the re- 
sults we have obtained in a study of the exchange 
reactions of enolate ions with CH,OD and C,H,OD. 
After this work was completed, Ranasinghe et al. [21] 
reported a study of the isotope exchange eactions of 
mass-selected molecular ions, Mf ; and protonated 
molecules, Ml-I+, with CH,OD and ND, in the colli- 
sion cell of a triple quadrupole mass spectrometer. 
Their study was limited to the exchange reactions of 
active hydrogens in a variety of aromatic molecular 
ions and protonated molecules. They reported that the 
use of ND, allowed exchange of all active hydrogens, 
while the use of CH,OD allowed exchange of phenolic 
and carboxylic hydrogens without exchanging the 
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amino hydrogens. They also observed that trapping 
the ions in the rf collision cell greatly enhanced the 
degree of H/D exchange by increasing the number of 
collisions. In the absence of trapping they used a 
collision energy of about 1.5 eV (laboratory scale) to 
maximize the number of collisions. The reproducible 
achievement of such low collision energies with a 
hybrid BEqQ instrument is considerably more difficult 
than with a triple quadrupole instrument because, in 
the hybrid instrument, the collision cell must be held 
at a potential close to that of the ion source (f6 kV). 
Thus, one is attempting to reproducibly establish a 
potential difference of a few volts between the collision 
cell and the ion source when both are approximately 6 
kV from ground potential. By contrast, in the triple 
quadrupole instrument both the source and the colli- 
sion cell are close to ground potential, which makes 
the setting of the potential difference much easier. In 
part, the present study was undertaken to assess the 
feasability of carrying out such low-energy H/D ex- 
change studies on hybrid BEqQ instruments. 
Experimental 
All experimental work was carried out using a ZAB- 
2FQ hybrid BEqQ mass spectrometer (VG Analytical 
Ltd., Wythenshawe, Manchester, UK), which has been 
described in detail previously [20]. Briefly, this instru- 
mcnt is a reversed-geometry (BE) double-focusing mass 
spectrometer that is followed by a deceleration lens 
system, an rf-only quadrupole collision cell (q) and a 
quadrupole mass analyzer (Q). In the study of H/D 
isotope exchange reactions CH,OD or C,H,OD was 
introduced into the quadrupole collision cell at pres- 
sures ranging from 9 x 10m6 to 3 x 10m5 torr as read 
by the ionization gauge attached to the pumping line 
leading from the quadrupole stage. The appropriate 
enolate ion was mass selected by the BE double- 
focusing mass spectrometer at h-keG ion energy, decel- 
erated to a kinetic energy of 1 to 10 eV on the labora- 
tory scale, and introduced into the quadrupolt cell. 
The reaction products were mass analyzed with the 
final quadrupole mass analyzer; the resulting spectra 
were accumulated on a multi-channel analyzer, with 
10 to 20 2-s scans typically being accumulated. 
To obtain reproducible results it was necessary to 
establish a reproducible collision energy. The ZAB-2FQ 
mass spectrometer provides no facility for measuring 
the potential difference between the collision cell and 
the ion source directly (such a measurement would be 
difficult with both floating at -6 kV with respect to 
ground); however, there is provision to set the ion 
collision energy and the absolute potential of the 
quadrupole cell separately. The following protocol was 
adopted. With the collision energy potentiometer set to 
zero, the potential applied to the collision cell was 
adjusted to reduce the incident ion beam signal just to 
zero. The collision energy was then set by the collision 
energy potentiometer. In general, the exchange of the 
acetone enolate ion with CH,OD or C,H,OD was 
examined each day. With the above protocol it was 
found that the relative ion signals could be reproduced 
to about 5510%. 
The enolate reactant ions were prepared by OH- 
chemical ionization in the chemical ionization source 
operated at a temperature of 250 “C. The OH- reactant 
ions were prepared by electron impact on a 10% 
N,O-90% CH, mixture using electrons of 100-eV 
nominal energy. Nitrous oxide and methane were ob- 
tained from Matheson and Co., Whitby, Ontario. 
CH,OD (99.5+ atom % D), C,H,OD (99.5+ atom % 
D), and all carbonyl compounds were obtained from 
the Aldrich Chemical Co., Milwaukee, Wisconsin. All 
chemicals were used without further purification. 
Results and Discussion 
Typical traces obtained in the study of the exchange of 
four enolate ions with C,H,OD at 3-eV collision en- 
ergy and a C,H,OD pressure of 3 x lop5 torr, as read 
by the ionization gauge attached to the pumping line 
for the quadrupole stage, are shown in Figure 1 to 
illustrate the quality of the data obtained. Excellent 
signal-to-noise ratios were obtained with signals ob- 
served corresponding to exchange of all the enolic 
hydrogens. 
A detailed study of the effect of the collision energy 
and of the effect of the pressure of the deuterated 
alcohol on the extent of H/D exchange was carried out 
using the enolate ion of acetone as the reactant ion. 
Figure 2 shows a plot of the relative ion signals (per- 
centage of total ion signal) as a function of the nominal 
collision energy at a CH,OD pressure of 3 X 10 -’ torr. 
A very similar plot (not shown) was obtained with 
C,H,OD as the reactant neutral. At I-eV collision 
energy the exchange is extensive, with the enolate ions 
that have exchanged four and five hydrogens being the 
most abundant species observed and the incident un- 
exchanged ion signal being less than 6% of the total 
ion signal. With increasing collision energy the signal 
for the unexchanged ion increases markedly. In addi- 
tion, the extent of exchange decreases up to about 3-eV 
collision energy as evidenced by the decrease for the 
[M - l],d, and [M - l],d, ion signals and the in- 
crease in the [M ~ l],d, and [M - l],d, ion signals. 
However, above about 3-eV collision energy the rela- 
tive intensities of the D-containing ions show rather 
little variation. One might have expected the relative 
intensities of the ions containing four or five deu- 
v 
terium atoms to keep decreasing with increasing colli- 
sion energy, because the reaction time should keep 
decreasing as the collision energy is increased. It is 
possible that, at the higher collision energies, nonreac- 
tive collisions moderate the collision energy to some 
extent so that the mean collision energy is less than the 
set value. Alternatively, it is possible that the first 
reactive collision reduces the ion’s energy, making it 
more likely that the ion will undergo further reactive 
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Figure 1. Typical traces obtained at 3-eV collision energy and a 
C,H,OD pressure of 3 X 10m5 tom. The signal on the left corre- 
spends to the incident enolate ion of the indicated ketone. As one 
proceeds to the right, the signals correspond to enolate ions that 
have incorporated, successively, one, two, three, and four deu- 
terium atoms. 
collisions. This interpretation would be consistent with 
the data in Figure 2. Subsequent experiments were 
carried out at 3-eV collision energy, because the results 
were less sensitive to minor variations in collision 
energy than the results obtained at lower collision 
energies yet a satisfactory extent of exchange was 
observed. 
Table 1 shows the variation of the extent of ex- 
change of the acetone enolate ion with CH,OD pres- 
sure at 3-eV collision energy covering the pressure 
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Figure 2. Dependence of the exchange of the acetone enolate 
ion on ion energy; p(CH,OD) = 3 X 1V5 tom. 
range from 9 X 10m6 to 3 X 10 m5 torr. Similar results 
obtained using C,H,OD as the reactant neutral are 
presented in Table 2. The abundance of the unex- 
changed enolate ion drops remarkably rapidly as the 
pressure is increased by a factor of approximately 
three. These results also suggest that, with increasing 
pressure, the number of nonreactive collisions lower- 
ing the ion kinetic energy increases substantially and 
this lower ion kinetic energy leads to more effective 
H/D exchange in subsequent colliiions. A pressure of 
3 x 10d5 torr was the maximum pressure of the alco- 
hols that could be introduced in our present system 
operating at room temperature. However, the results 
obtained with the acetone enolate ion suggest that this 
pressure of alcohol and an ion kinetic energy of 3 eV 
should provide conditions that permit a count of the 
number of enolic hydrogens in carbonyl compounds. 
The results of a study of the H/D exchange reac- 
tions of the enolate ions of 19 carbonyl compounds 
obtained using 3 x Km5 torr CH,OD as the reactant 
gas under the above conditions are presented in Table 
3, while the results obtained using 3 X 1F5 torr 
Table 1. Pressure dependence of H/D exchange reaction of acetone enolate with CH,OD 
Percentage of total ionization 
pNleoD (tow) [M - Hl- d,[M Hl- d,[M - Hl~ d,[M -HI- d,[M -HI- d,[M -HI- 
9 x 10-e 69.9 11.5 8.0 4.6 3.7 2.3 
1 x 10-h 57.9 14.1 10.5 8.6 5.7 3.2 
2 x 10-S 25.8 23.2 18.6 15.0 10.9 6.6 
3 x 10-s 12.5 16.6 19.0 19.7 18.4 13.8 
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Table 2. Pressure dependence of H/D exchange reaction of acetone enolate with C,H,OD 
Percentage of total ionization 
Pt,oo (tord [M -HI- d,IM Hl- d,IM -HI d,tM -HI d,IM - Hl~ d,IM - Hl- 
9 x 10-e 72.5 104 7.3 5.0 3.2 1.4 
1 x 10-s 62.0 16.2 9.9 6.4 3.8 1.6 
2 x 10-s 31.6 25.3 19.5 13.0 7.7 2.8 
3 x 10-s 15.8 14.5 16.6 18.4 19.5 15.2 
C,H,OD as the reactant gas are presented in Table 4. 
The terminology d =[M ~ HI- indicates the enolate ion 
that has exchanged x hydrogens for deuterium. The 
enolate ions of 2,4-pentancdionc and dimethyl- 
malonate show no exchange with either CH,OD or 
C,H,OD; this result will be rationalized below. The 
remaining enolate ions all show ion signals corre- 
sponding to exchange of from one up to the total 
number of enolic hydrogens. Comparison of the results 
obtained using C,H,OD as reactant gas with the re- 
sults obtained using CH,OD as reactant gas shows 
that the H/D exchange reactions of these enolate ions 
are more facile using C,H,50D as the reactant gas; 
thus, the number of enolic hydrogens is more readily 
determined with C,H,OD as the reactant gas. For 
example, the ion signals for the d,[M - HI- ion from 
Z-hexanone, the d3[ M - HI- ion from 3-hexanone, and 
the d,[M ~ HI- ion from 4-methyl-2-pentanone are 
considerably larger in the spectra obtained with 
C,H,OD as reactant gas than they are when CH,OD 
is used as the reactant gas. With C,H,OD as the 
reactant gas the enolate ion of methyl propionate shows 
a weak signal corresponding to d&M - H] while the 
enolate ion of 2-methylcyclohexanone shows a weak 
signal corresponding to d,[M - HI-. In each case this 
represents one more hydrogen exchange than one 
would expect and probably indicates a low level of an 
impurity that becomes visible because of the more 
facile exchange when using C,H,OD as the reagent 
gas. 
There is substantial evidence 122241 that the poten- 
tial energy surface for proton transfer between an ion 
and a neutral molecule contains two minima with an 
intermediate potential energy barrier as illustrated 
schematically in Figure 3 for RO-+ DBH. The two 
minima correspond to RO hydrogen bonded to DISH 
and HB- hydrogen bonded to DOR (or isotopic equiv- 
alents). The exchange reaction occurs when HB- reacts 
with the reagent gas (right to left of Figure 31 and the 
system has enough energy to overcome the central 
barrier to form the RO-DBH complex with sufficient 
internal energy that the hydrogen bonding is weak and 
the RO- ion may migrate to form RO--HBD, which 
exits to the right to give DB + ROH. Repeated colli- 
Table 3. Isotope exchange reactions of enolate ions with CH,OD 
Percentage of total ionization 
Carbonyl compound LM -HI d,[M -HI- d,[M -HI d,[M -HI d,[M Hl~ 
2.Pentanone 22.0 25.9 23.0 20.8 8.3 
3-Pentanone 27.5 30.6 25.6 16.3 
3-Me-2-butanone 29.6 30.2 26.7 13.5 _ 
2-Me-3-pentanona 53.6 36.2 102 _ _ 
3.3.Me,-2-butanone 38.6 34.7 26.8 
3-Me-2-pentanone 52.2 35.0 10.0 2.8 
3-Hexanone 57.1 30.1 10.6 2.2 
2-Hexanone 38.7 36.4 17.2 6.3 1.3 
4-Me-2-pentanone 49.1 39.2 15.2 5.2 1.5 
2.4.Pentanedione 100 _ _ _ _ 
Methyl acetate 24.2 32.4 43.4 
Methyl propionate 23.4 76.6 _ _ _ 
Dimethyl succinate 50.2 19.0 10.7 20.1 
Dimethyl malonate 100 _ _ _ 
Cyclohexanone 55.2 21.4 13.1 10.4 
Cycloheptanone 21.6 32.3 24.2 22.0 _ 
2-Me-cyclohexanone 46.4 44.1 9.5 _ _ 
3.Me-cyclohexanone 32.4 45.0 14.2 8.3 
4-Me-cyclohexanone 25.8 52.9 13.5 7.8 _ 
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Figure 3. Schematic potential energy profiles for the interaction 
of RO- and DBH. 
sions with new ROD molecules lead to multiple D 
incorporation in the sample ion. 
An essential requirement for H/D exchange to oc- 
cur is that the HB--DOR complex must surmount 
the central barrier to form the RO--DBH complex. 
This is more likely to occur if the overall reaction (left 
to right) 
RO-+ DBH + ROD + HB- (1) 
is only slightly exothermic, that is, if the gas phase 
acidities of DBH and ROD are similar (lower surface, 
Figure 3). If reaction 1 is strongly exothermic, that is, if 
AH&,(ROD) B AH”,,,(DBH), it is unlikely that the 
HB--DOR complex will be able to surmount the 
central barrier (upper surface, Figure 3) and H/D 
exchange is unlikely to occur. This is undoubtedly the 
situation for the enolate ion of Z+pentanedione, be- 
cause A&,((CH,CO),CH,) = 343.7 kcal mol-l com- 
pared to AH&(CH,OH) = 380.5 kcal mol-’ and 
Ai!&,(C,H,OH) = 377.4 kcal mol-’ [25]. The gas- 
phase acidity of dimethylmalonate is likely to be simi- 
lar to that of 2,4-pentanedione and the upper surface 
will apply in this case also. On the other hand, the 
AH&, values reported in ref 25 for simple ketones and 
esters are in the range 365-372 kcal mol-‘, much 
closer to the values for methyl and ethyl alcohol. Thus, 
the potential energy surface for reaction of the enolate 
ions from these compounds will resemble the lower 
surface of Figure 3 and exchange with both alcohols is 
expected. Exchange with the more acidic C,H,OD 
presumably involves a lower central barrier than reac- 
tion with CH,OD, making the exchange more efficient 
with C,H,OD. 
Conclusions 
The recent work of Ranasinghe et al. [21] has shown 
that conditions can be established in the quadrupole 
collision cell of a triple quadrupole instrument that 
permit the number of active hydrogens bonded to 
nitrogen or oxygen to be counted through observation 
of H/D exchange with deuterium-labeled collision 
gases. The present study extends this work in two 
ways. First, it shows that conditions appropriate for 
H/D exchange reactions in the quadrupole collision 
cell of a hybrid BeqQ instrument can be reproducibly 
established. Second, we have shown that hydrogens 
bonded to carbon in enolic positions also can be 
counted by the H/D exchange methodology. The pres- 
ent approach to counting hydrogens in specific envi- 
Table 4. Isotope exchange reactions of enolate ions with C,H,OD 
Percentage of total ionization 
Carbonyl compound [M - HI- d,[M - Hl- d,[M -Hl- d,[M -HI- d,[M -HI’ 
2-Pentanone 16.3 22.0 24.0 22.7 14.9 
3.Pentanone 17.4 
3-Me-2-butanone 18.3 
2-Me-3-pentanone 35.1 
3.3.Me,-2-butanone 21.0 
3-Me-2-pentanone 31.7 
3-Hexanone 31.1 
Z-Hexanone 22.0 
4-Me-2-pentanone 26.7 
2,4-Pentanedione 100 
Methyl acetate 13.7 
Methyl propionate 24.6 
Dimethyl succinate 31.6 
Dimethyl malonafe 100 
Cyclohexanone 16.8 
Cycloheptanone 16.4 
2-Me-cyclohexanone 39.2 
3-Me-cyclohewanone 27.8 
4.Me-cyclohexanone 21.2 
22.9 28.9 
25.6 35.8 
47.8 17.1 
31.4 47.6 
31.2 26.4 
32.4 23.3 
39.6 25.5 
30.9 23.3 
22.7 
70.6 
31.4 
_ 
25.0 
25.7 
45.7 
40.4 
40.9 
63.6 
4.7 
22.0 
28.3 
27.0 
13.3 
20.1 
21.2 
30.6 _ 
20.3 
_ 
10.8 
13.2 _ 
16.1 5.0 
14.1 6.4 
_ _ 
15.1 
_ 
29.6 
31 .o 
1.8 
11.7 _ 
16.7 
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ronments has the advantage of separating the ioniza- 
tion method from the H/D exchange reaction. This 
creates the possibility of counting the number of hy- 
drogens in specific positions in ions produced by 
methods other than chemical ionization. By contrast, in 
previous approaches [4-171 the deuterium-labeled ex- 
change gas also served as the reagent gas for chemical 
ionization. 
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